Geometric attributes such as coherence and curvature have been very successful in delineating faults in sedimentary basins. While not a common exploration objective, fractured and faulted basement forms important reservoirs in Mexico, India, Yemen, and Vietnam. Because of the absence of stratified, coherent reflectors, illumination of basement faults is more problematic than illumination of faults within the sedimentary column. In order to address these limitations we make simple modifications to wellestablished vector attributes including structural dip and azimuth, amplitude gradients, and maximum and minimum curvature, to provide greater interpreter interaction. We apply these modifications to better characterize faults in the granite basement of the Cuu Long Basin, Vietnam, that form an unconventional, but very important oil reservoir.
Introduction
Faults play an important role in forming effective fracture porosity for hydrocarbon traps in the granite basement of the Cuu Long Basin, Vietnam. Mapping fault/fracture intensity and orientation can help delineate sweet spots and better aid horizontal drilling. In the Cuu Long Basin, faults and fractures tend to be planar and steeply dipping, such that we expect to see them more distinctly by viewing them perpendicular to their strike. Interactive shaded-relief maps of picked horizons are provided in nearly all 3D seismic interpretation software packages. Although most easily understood as sun-shading with locally higher relief features creating shadows that enhance the appearance of subtle dips, mathematically, shaded-relief maps comprise simple axis rotations and projection of the two orthogonal dip components of the surface with the direction of illumination Barnes (2003) showed how volumetric estimates of structural dip and azimuth can be used to generate shadedrelief volumes. We imitate this work and generate directional structural dip, amplitude gradient, and curvature volumes and evaluate the results in terms of basement fault illumination in the Cuu Long basin.
Method
A planar surface such as dipping horizon or faults can be presented by its true dip azimuth θ and strike ψ. The true dip θ can be presented by apparent dips θ x and θ y along the x and y axes (Figure 1 ).
For time-migrated seismic data, it's more convenient to measure apparent seismic time dips (p x , p y ) components along inline and crossline directions in s/ft or s/m. For depth-migrated seismic data such as our Cuu Long survey, we simply compute θ x and θ y and display them either as components or as dip magnitude, θ, and dip azimuth, ψ, or alternatively as dimensionless (p x , p y ) measured in ft/ft or m/m.
There are several popular means of computing volumetric dip components, including those based on weighted versions of the instantaneous frequency and wave-numbers (Barnes, 2002) , on the gradient structure tensor (Randen et al., 2000) and on discrete semblance-based dip searches (Marfurt, 2006) . The relationship between apparent seismic time/depth dips and apparent angle dips are:
where v is an average time to depth conversion velocity.
We can compute apparent dip at any angle ψ from North through a simple trigonometric rotation: (2) where φ is the angle of the inline seismic axis from North.
Marfurt (2006) also describes an amplitude gradient vector attribute that has inline and crossline components (g x ,g y ).
We can therefore compute an amplitude gradient at any angle, ψ, from North:
To compute the apparent curvature at an angle, δ, from the azimuth of minimum curvature, χ, we slightly modify Roberts' (2001) description of Euler's formula: 
where k min and k max are the minimum and maximum curvatures. To compute the apparent curvature at an angle ψ, from North we write:
Using equations 2, 3, and 5, we are able to animate through a suite of apparent dip, amplitude gradient, and curvature images at increments of 15 0 to see which perspective best illuminates structural features of interest.
Application
We compute apparent dip, energy-weighted amplitudegradient methods, and curvature for our 3D post-stack depth-migrated seismic dataset from the Cuu Long basin, Vietnam.
The structure of Pre-Cenozoic basement of the Cuu Long Basin is very complex, and is mainly composed of magmatic rocks. Under the influence of tectonic activity, the basement was broken into a suite of fault systems. This faulting provided favorable conditions for hydrocarbons from a laterally deeper Oligocene-Miocene formation to migrate and accumulate in the basement high.
Since the nature of this basement is magmatic rocks, the seismic signal is very weak and noisy. Applying different methods to enhance the faults signatures will aid our seismic interpretation, with the ultimate goal of estimate fracture location, density, and orientation. The top of basement was highly compressed, forming a high angle push-up to about 2500 m (Figure 3 ). The top of this basement high dips to the east and west at about 60 o . Faults were formed along all four sides and cut deep into the basement (Figure 2 ).
In Figure 3 we display depth slices at 2750 m through the apparent dip volume, p ψ , as a function of azimuth. We used White arrows indicate lineaments that we interpret to be indicative of subtle faults and fractures. Close to the north azimuthwe see a suite of NE-SW dipping features, which include faults and top basement boundary. The basement edge is dipping rapidly at an angle of about 70
O or more at this location. There are many faults running along this edge that propagate into the shallower sedimentary column. In In Figures 4d and 4e , nearly perpendicular to inline direction, we recognize many NW-SE trending features, which are believed to be faults cutting across the basement. These features did not appear in the apparent gradient images parallel to the features.
Apparent curvature is computed from the maximum, minimum curvatures and the azimuth of minimum curvature shown in Figure 5 .
Conclusions
Several modern attributes, including volumetric computation of structural dip and azimuth, structural curvature, amplitude gradients, and amplitude curvature, are multi-component in nature and are thus amenable to visualization from different user-controlled perspectives. Precomputing every desired azimuthal view results in consumption of significant disk storage. However, through the use of 'fast-batch' spreadsheet-like attribute calculators available in several 3D interpretation software packages, such manipulation can now be put under user control. Eventually, we envision generating truly interactive azimuthal visualization software, thereby enabling the interpret to extract as much information from the data as possible.
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